Introduction
Achievement of a uniform fine grain structure in cast magnesium (Mg) alloys is desired as it improves structural uniformity, reduces segregation and associated casting defects, enhances consistency in performance, and facilitates the solid-state forming of various wrought Mg products. Inoculation is a standard grain-refining practice for commercial cast alloys. However, many commercial alloy systems do not have an established inoculating agent or chemical grain refiner. In the context of Mg alloys, although aluminium-free Mg alloys can be readily grain-refined with zirconium (Emley, 1966; Qian & Das, 2006; Qian, 2006) , it has proved difficult to grain-refine the more common Mg-Al based alloys by inoculation . Alternative approaches to grain-refining these alloys are desirable. Ultrasonic irradiation during solidification is one such alternative that has proved to be effective for Mg-Al based alloys, first demonstrated in the former USSR countries (Abramov, 1994; Eskin, 1998) . It is also effective in grain-refining other metallic materials (Eskin, 1998; Jian et al., 2005; Jian et al., 2006a; Liu et al., 2007; Xu et al., 2008) and ice (Zhang et al., 2001) . The recent renewed interest in the process for Mg alloys (Jian et al., 2006b; Ramirez & Qian, 2007; Zhang et al., 2007; Liu et al., 2008; Ramirez et al., 2008; Ramirez et al., 2009; Qian et al., 2010a ) is driven by its potent grain-refining capability, ease of operation, and requirement for inexpensive equipment. In addition, the melt surface is left almost undisturbed during irradiation. As a result, there is little concern over contamination by oxidation. In fact, molten Mg and its alloys are particularly suited to ultrasonication for structural refinement, partially because of their low viscosity (η), where η Mg = 1.25 x 10 -3 N s m -2 at 651 °C (Brandes & Brook, 1992) , being almost the same as that of water, where η Water = 1.002 x 10 -3 N s m -2 at 20°C (Lide, 2001) . Low viscosity implies low attenuation (see Eq.(2)), which is important for the structural refinement of a large volume of melt. However, the lack of fundamental understanding of the ultrasonic refining process has largely restricted its development and application.
This chapter reviews the current understanding of ultrasonic grain refinement (UGR) of Mg and its alloys and discusses issues that are central to UGR, including the characteristics of UGR of Mg alloys, the dependence of UGR on solute or alloy chemistry, the attenuation in liquid Mg alloys, and the mechanisms of UGR.
Ultrasonic irradiation
Ultrasonic irradiation, in general, can be divided into direct and indirect ultrasonication depending on the melting point of the liquid and its chemical reactivity with the sonotrode, also referred to as ultrasonic horn or radiator. Fig. 1 illustrates the two approaches ). The sonotrode is often made of titanium (Ti-6Al-4V) or stainless steel or niobium because of their high efficiency in transmitting ultrasound, chemical inertness to many liquids, dimensional stability, and mechanical performance at elevated temperatures. Dimensional instability can distort both the frequency and amplitude leading to undesirable performance while low chemical inertness under high-intensity ultrasonication will reduce the lifespan of the sonotrode apart from contaminating the liquid. The direct approach is preferred for ultrasonication of low melting point metals such as Mg and Al. The indirect approach is useful for ultrasonicating high melting point or reactive liquids. In the chemical processing industry, indirect ultrasonication has long been used to accelerate chemical reactions, where hundreds of ultrasonic transducers are often mounted onto the outside walls of a vessel to promote intense irradiation or vibration. A commercial ultrasonic system (Fig. 1a) typically consists of a 20 kHz ultrasonic generator, a waveguide, and a sonotrode through which ultrasonic energy is transmitted to molten Mg. The intensity of ultrasonic irradiation (I) is defined by (Eskin, 1998) 
where ρ is the liquid density (ρ = 1.59 g cm -3 for molten Mg), c is the speed of sound, where c = 1500 m s -1 in molten Mg (Ramirez et al., 2008) , f is the frequency, typically 20 kHz, and A is the amplitude of ultrasound. It has been established that cavitation is essential for effective UGR and for fully developed cavitation to occur in molten light metals, the ultrasound intensity needs to be ≥ 80-100 W cm -2 (Eskin, 1998) . The intensity can be controlled through the amplitude. For instance, I = 105, 425, 950 and 1700 W cm -2 corresponding to A = 7.5, 15, 22.5, and 30 μm, respectively, by Eq. (1). The amplitude of 7.5 μm is thus almost the minimum amplitude necessary for effective UGR of molten Mg. The maximum amplitude is normally < 50 μm as the resultant intensity is already significant. For instance, I = 1700 W cm -2 at A = 30 μm, which is ~ 20 times the threshold required for the development of full cavitation. The amplitude can be increased to 72 μm by reducing the diameter of the sonotrode to ~ 12 mm and changing the waveguide length. However, that will greatly reduce the sonotrode-melt contact interface and confine the irradiation to the vicinity of the sonotrode. In practice, it is important to ensure a maximum sonotrode-melt interface for volumetric irradiation with a well-performing amplitude (≤ 30 μm).
Materials and ultrasonic irradiation process
The results presented in Sections 4-8 are based on the experiments described below. Pure Mg (99.98%), binary Mg-Al and Mg-Zn alloys containing 1%, 3%, 6% and 9% of solute (all in wt.%), and three benchmark commercial Mg alloys, AZ31 (Mg-3%Al-1%Zn), AJ62 (Mg6%Al-2%Sr), and AZ91 (Mg-9%Al-1%Zn), were irradiated during solidification. Pure Mg and binary alloys were irradiated at the maximum amplitude 30 μm while each commercial alloy was irradiated at four amplitudes, 7.5, 15, 22.5, and 30 μm. Ingot samples of 70 mm diameter were prepared. In each experiment, 350 g of charge was melted in a clay-graphite crucible (inner diameter: 70 mm) at 730°C. After melting and alloying (for binary alloys), the crucible was withdrawn from the furnace and cooled in air. The cooling rates prior to nucleation varied between 0.76 K s -1 and 0.99 K s -1 according to the cooling curves recorded. The cooling conditions were consistent as the melt solidified in hot crucibles. This ensures that the difference in the grain size observed results mainly from the ultrasonication process and solute content. Ultrasonic irradiation was applied through a 20 kHz commercial system (Sonic Systems Ltd, UK). Both the waveguide and sonotrode are made of Ti-6Al-4V. The sonotrode is a 25mm diameter rod with a flat radiating surface. Titanium has a negligible solubility in molten Mg (< 200 ppm at 650°C), favouring a long lifespan and minimum contamination. The melt was irradiated at 680°C by dipping the sonotrode into the crucible for 180 s. Two irradiation experiments were carried out for each condition to ensure reproducibility of results. Each irradiated ingot was sectioned longitudinally. An entire section was polished, etched, and examined. The average grain size (d) and standard deviation (σ) for each set of data reported were determined from measurements in six fields of view at 100 times. On average, about 73% of the measurements fall between d ± σ and 94% of the data fall between d ± 1.5σ. The grain density, G ρ , grains/mm 3 , is calculated from the grain size assuming spherical grains.
Ultrasonic grain refinement of pure magnesium
The presence of an alloying element in molten Mg may alter the liquid property, for instance, its surface tension or viscosity. Accordingly, this may affect its response to ultrasonic irradiation. It is thus necessary to establish the effectiveness of ultrasonic irradiation for the grain refinement of pure Mg. Fig. 2a shows the macro-structure of a pure Mg ingot sample solidified without ultrasonic irradiation (Ramirez & Qian, 2007) . The ingot exhibited fully developed columnar grains extending to the centre, indicative of adequate purity (99.98%) of the melt. It has been shown that reducing the purity of Al from 99.99% to 99.8% will promote a columnar-toequiaxed grain transition under conditions of forced air cooling of the melt surface in a graphite crucible (Ohno, 1987) . Fig. 2 . Grain structures of pure magnesium: (a) without ultrasonication and (b) with ultrasonication at a nominal intensity level of 1700 W cm -2 (Ramirez & Qian, 2007) . Fig. 2b shows an irradiated sample, where the Ti sonotrode was dipped 35 mm into the melt. Three distinct zones are observed: a top columnar zone surrounding the sonotrode (Zone I); a nearly equiaxed zone beneath the sonotrode (Zone II); and a narrow columnar zone at the bottom (Zone III). It is interesting to note that despite the large cooling cylindrical surface of the sonotrode and the vibrations applied perpendicularly to the melt surface (Fig. 1a) , UGR occurred almost exclusively below the submerged radiating face while columnar growth prevailed adjacent to the cylindrical face. The grain size is minimum (260 μm) below the radiating face and increases with ultrasound propagation distance. Titanium has a strong growth restriction factor for Mg by the Mg-Ti phase diagram. To clarify the influence of the likely dissolution of the Ti sonotrode in the melt on the UGR, the Ti content in twelve pure Mg and AZ31 ingot samples solidified with and without ultrasonication was analysed with Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES). The Fe content was also analysed as Ti is a potent iron remover. The ICP-AES analyses Ti and Fe contents down to 10 ppm each. 
Ultrasonic grain refinement of magnesium alloys -General observations
Ultrasonic irradiation of, either binary or multi-component commercial Mg alloys, resulted in much more potent structural refinement than that of pure Mg. Fig. 3 shows the grain structure of an ingot sample of AZ31 solidified without ultrasonication, and Figs. 4 and 5 show the refined structures of AZ31 and AZ91, respectively (Ramirez & Qian, 2007) . Fig. 3 . Grain structures of AZ31 without ultrasonic exposure (Ramirez & Qian, 2007) .
Ingot samples of AZ31 solidified without ultrasonic exposure showed coarse dendritic structure throughout the ingot, Fig. 3 . The average grain size is about 2,000 μm although some dendrites have grown to ~ 4,000 μm. The macro-structure of an ingot solidified under ultrasonic irradiation and identical cooling conditions is shown in Fig. 4a . Fig. 4 b-c displays the refined equiaxed grain structures at different depths below the radiating face. The average grain size at 5 mm below the radiating face is 107 μm, demonstrating substantial UGR compared with the dendritic grains shown in Fig. 3b . The refinement decays with increasing distance from the radiating face. Far from the radiator (see Fig. 4 d, 65 mm away) rosette-like or dendritic grains are noticeable, suggesting that the local ultrasonication intensity is critical to the grain-refining process. (Ramirez & Qian, 2007) .
Similar experiments were conducted on AZ91 in order to further assess the grain-refining potential of ultrasonic irradiation for Mg-Al based alloys. The grain structures of AZ91 ingot samples cast without ultrasonic irradiation (not shown here) are similar to those of AZ31 (Fig. 3) . The average grain size is also about 2,000 µm under the slow cooling conditions used, although AZ91 was expected to have a finer grain size than AZ31 due to its high Al content. However, ultrasonic irradiation made a substantial difference. AZ91 was found to be much more responsive to ultrasonic irradiation than both AZ31 and pure Mg. The attendant grain size is much finer and the overall grain structure is more uniform and equiaxed ( Fig. 5) than the grain structures shown in Fig. 4 for AZ31. Ultrasonic irradiation of AJ62 resulted in grain refinement between AZ31 and AZ91. High-intensity ultrasonic irradiation is clearly more effective than carbon inoculation for Mg-Al based alloys; its grain-refining potency is close to that of Zr for Al-free magnesium alloys in terms of the attendant grain sizes (Ramirez et al., 2008) .
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500 µm 500 µm 500 µm Fig. 5 . Grain structures of an AZ91 ingot sample solidified under ultrasonic irradiation at a nominal intensity level of 1700 W cm -2 . The insertion depth of the sonotrode was ~ 20 mm. Micrographs (b), (c) and (d) were taken from 5 mm, 15 mm and 45 mm below the sonotrode radiating face, respectively (Ramirez & Qian, 2007) .
From pure Mg to AZ31, AJ62 and AZ91, there is a consistent indication that alloy chemistry affects the UGR of Mg alloys. A detailed assessment of the effect of solute on the UGR of Mg alloys will be presented in Section 6.2, which shows that the presence of adequate solute is crucial to attaining excellent UGR of Mg alloys.
Ultrasonic grain refinement of magnesium alloys -Detailed analyses

Grain size distribution
A detailed analysis of the grain size distribution along five different directions of grainrefined ingot samples of AZ31, shown schematically in Fig. 6a , was carried out. The results are summarised in Fig. 6b (1 mm insertion depth of the sonotrode) and Fig. 6c (20-25 mm insertion depth). Very similar grain size distribution patterns were observed. A number of features can be seen from the grain size distribution shown in Fig. 6 . i. The grain size is the finest immediately below the ultrasonic radiator and increases with increasing distance from the radiating face in all directions. ii. The grain size along the direction perpendicular to the ultrasonic radiator, i.e. the principal propagation direction or Direction 1 in Fig. 6a , is finer than the grain sizes observed along other directions at the same distance from the radiator. iii. The grain size distribution is symmetrical to the principal direction, Direction 1. As can be seen, Directions 2 and 3, and Directions 4 and 5, are symmetrical. The grain size distributions overlap along these symmetrical directions. iv. Similar grain sizes are obtained, irrespective of the immersion depth of the sonotrode, at a given distance below the radiator. v. Although the grain size increases with increasing distance from the radiator, the ultrasonic treatment is effective throughout the volume of the melt (some rosette-like grains are observed at ~ 65 mm away from the sonotrode). These characteristics are typical of the UGR of Mg alloys. 
The role of solute atoms
From a solute re-distribution standpoint, liquid alloys that solidify in a high-intensity ultrasound field are subjected to high-frequency (at 20,000 Hz), small amplitude (10-50 μm) vibrations. Additionally, the collapse of bubbles (cavitation) produces violent local mixing and acoustic streaming. These dynamic conditions are expected to result in a relatively uniform distribution of solute ahead of the advancing solid-liquid interfaces and thereby diminish the growth-restriction role of solute in grain nucleation and growth. Fig. 7 shows the average grain size versus solute content for binary Mg-Al and Mg-Zn alloys solidified without and with ultrasonic irradiation (Qian et al., 2010) . Despite the substantial refinement from coarse dendritic grains to fully equiaxed fine grains, it is intriguing to note that the dependence of grain size on solute content is similar with and without ultrasonic exposure for both groups of alloys. A more detailed analysis of the role of solute will be shown in Fig. 9 and Fig. 12 . Fig. 8 a-d shows the average grain size as a function of ultrasound power represented by the square of amplitude, A 2 , according to Eq. (1), and solute content for commercial magnesium alloys, AZ31, AJ62 and AZ91 (Qian et al., 2010) . Without ultrasonic irradiation, all three commercial alloys solidified to dendritic grains with an average grain size of ~ 2,000 μm (see Fig. 3 ) under slow cooling conditions (Ramirez et al., 2008) . Substantial grain refinement was obtained of each alloy even at the minimum irradiation intensity 105 W cm -2 (A 2 = 7.5 2 μm 2 ). These observations support Eskin's finding that an irradiation intensity level of 80-100
W cm -2 is required for fully developed cavitation to occur in light alloys (Eskin, 1998) . They also indicate that the ultrasonic power was transmitted effectively through the titanium sonotrode, where molten magnesium wets solid titanium well (Kondoh et al., 2010) . The following observations can be made from Fig. 8 a-d. •
The average grain size decreases with increasing ultrasonic irradiation intensity but the reduction mainly occurs from 7.5 2 μm 2 to 22.5 2 μm 2 ; the benefits of further increasing the irradiation intensity from 22.5 2 μm 2 to 30 2 μm 2 are small.
•
Increasing solute content from AZ31 to AJ62 or AZ91 consistently outweighed increasing irradiation intensity from 7.5 2 μm 2 (I min ) to 30 2 μm 2 (I max ), which represents an increase by 15 times, i.e., (30/7.5) 2 -1, at all depths. An example is illustrated in Fig.  8a , where the shorter arrowed dashed line depicts the effectiveness of increasing irradiation intensity from I min to I max while the longer arrowed dashed line depicts that of increasing solute content from AZ31 to AJ62 at the minimum irradiation intensity I min (7.5 2 μm 2 ). irrespective of irradiation intensity in the range from 7.5 2 μm 2 to 30 2 μm 2 . This suggests that there is little interaction between the solute content and ultrasonic irradiation intensity beyond the threshold level (7.5 2 μm 2 ) for cavitation.
The minimum grain size of AZ31 attained at I max = 1700 W cm -2 (30 2 μm 2 ) is still much greater than the grain size of AJ62 attained at I min = 105 W cm -2 (7.5 2 μm 2 ), although the difference in the irradiation intensity is I max /I min ≈ 16 times. In contrast, the difference in the solute (Al) content between AZ31 and AJ62 is only from 3% to 6%. This further indicates that solute plays a far more important role in determining the achievable minimum grain size than the irradiation intensity. An alternative way of evaluating the effect of solute on UGR is by examining the grain density, G ρ , which is more closely linked to the nucleation rate. Table 2 lists the grain density calculated from the average grain size by assuming spherical grains. The grain density in each alloy that solidified in the hot crucible without ultrasonic irradiation is negligible (< 5 grains/mm 3 ) and therefore not listed in (Qian et al., 2010) The grain density increases enormously with increasing solute content under the same irradiation conditions. For instance, it increased from 205 to 5640 grains/mm 3 with increasing Al content from 1% to 9%. In fact, the grain density and solute content exhibit an unexpected linear relationship for each alloy system. Fig. 9 shows the results (Qian et al., 2010) . Also indicated is the grain density of pure Mg irradiated under similar conditions. Fig. 9 reveals that there must be adequate solute present in each alloy for significant grain refinement (G ρ ≥ 2000 grains/mm 3 or d ≤ 100 μm) to occur by ultrasonic irradiation. Under the slow cooling conditions used, it requires a minimum of ~ 6.5% Zn for binary Mg-Zn alloys and a minimum of ~ 3.5% Al for binary Mg-Al alloys. Commercial grade AZ31 is just about all right as it contains 3%Al and 1%Zn. This benchmark wrought Mg alloy can thus be effectively refined by ultrasonic irradiation, although having a higher solute content will further enhance the refinement as shown by AJ62 and AZ91 in the same plot.
The role of wall crystals
Wall crystals can play an important role in metal solidification as demonstrated by Ohno (Ohno, 1987) . The melt surface vibration experiments performed by Ohno (Ohno, 1987; are essentially similar to the application of ultrasonic vibration to the melt surface through a bar-type titanium sonotrode, which traverses perpendicularly to the melt surface as illustrated in Fig. 1a . Apart from transmitting ultrasonic energy, the titanium sonotrode, whose diameter varies from a few millimeters to over 100 mm depending on the volume of the liquid, also acts as a big chill to absorb and conduct heat away from the melt due to the substantial difference in the melting point of Ti (1660°C) and the melt temperature (≤ 800°C for light metals). Accordingly, it is anticipated that the immersed surface of the Ti sonotrode will provide a primary cold surface for the formation of wall crystals. Also, it would seem reasonable to further assume that many such wall crystals will separate from the surface of the Ti sonotrode due to the high frequency (20 kHz) transverse movements of the rod and consequently play an important role in the UGR of light metals. Hence understanding the role of wall crystals in ultrasonic refinement will help understand the mechanism by which ultrasonication refines the microstructure and facilitate designing a more efficient ultrasonic refining system. Fig. 2b shows that ultrasonic grain refinement of pure Mg occurs only below the radiating face; little refinement was observed adjacent to the cylindrical face of the sonotrode immersed in the melt. To clarify if the observation occurs only to pure Mg, similar immersion experiments were conducted on AZ31. Fig. 10 shows the macro-structure of an AZ31 ingot sample solidified under ultrasonic irradiation , where the titanium sonotrode was submerged about 25 mm into the melt. Similarly, ultrasonic grain refinement was observed almost exclusively below the radiating face. The borderlines that distinguish the refined and unrefined regions are indicated in Fig. 10 . Considering that the colder sonotrode surface provides an effective surface for nucleation due to its chill effect and transverse motion, the occurrence of columnar growth around the cylindrical sonotrode face for both pure Mg (Fig. 2b) and AZ31 (Fig. 10) indicates that the anticipated formation and detachment mechanism was ineffective. More interestingly, as shown by Fig. 6b and c, the actual grain sizes and grain size distribution patterns are almost independent of the insertion depth of the ultrasonic radiator. This demonstrates negligible influence of the chill surface (source of wall crystals) on the observed refinement. The formation of columnar zones around the cylindrical face of the immersed sonotrode can be explained as follows. The efficient chill effect of the sonotrode produces a large thermal gradient around the cylindrical face and promotes directional growth of nucleated crystals perpendicular to the sonotrode. However, the lack of convection in this region will deter the detachment and melting of the crystals at their base thereby favouring coarse columnar growth. In addition, the small amplitude of vibration (30 μm) of the sonotrode is probably inadequate to mechanically shear off the wall crystals from the sonotrode surface before columnar growth occurs. According to Ohno (Ohno, 1987) , once a solid shell of columnar grains forms on a cold contact with high cooling capacity, it will be difficult for the columnar crystals to separate even though movement of molten metal still exists. On the other hand, it is plausible that some wall crystals have formed and separated from both the surfaces of the sonotrode and the crucible walls, but the total population is negligible compared to the number of the crystal nuclei created by cavitation-enhanced nucleation. Under the experimental conditions, the minimum grain size of a pure Mg ingot sample is about 2,000 μm (see Fig. 2a , edge of the ingot at the bottom). This roughly corresponds to a grain density of ~ 0.24 mm -3 . In contrast, the grain density attained in pure Mg immediately below the radiating face is ~ 100 mm -3 (average grain size: 260 μm), which is about 400 times the grain density originating from the wall crystals. The wall crystal effect is thus fairly negligible under the experimental conditions even if the mechanism has been operative during ultrasonication.
Ultrasonic attenuation in molten magnesium alloys
Similar to propagation in water, when an ultrasonic wave travels through a liquid metal, its amplitude (A) and intensity (I) attenuate with distance. Consequently, ultrasonication will be confined to a limited volume of the liquid beyond which the intensity is insufficient to induce desired structural refinement. It is thus necessary to understand the process both for effective UGR and the design of a performing ultrasonic system.
The Stokes-Kirchhoff relation allows prediction of the attenuation coefficient α of an ultrasonic wave in a liquid by the addition of a viscous component v α and a thermal component T α in the form (Sahu, 1984; Awasthi & Murthy, 1985; Kuttruff, 1991) 2 2 3 2 4 1 1 3
In Eq. (2), ρ is the density (kg m -3 ), c is the velocity of ultrasound (m s -1 ) in the liquid, η is the viscosity (N s m -2 ), λ T is the thermal conductivity (W m -1 K -1 ), f is the ultrasonic frequency (Hz), and c v and c p are specific heats at constant volume and pressure, respectively (J kg -1 K -1 ). However, it has been found that the predictions given by Eq. (2) for low melting point metals (< 350°C) are much smaller than the experimental measurements (Sahu, 1984; Awasthi & Murthy, 1985) . For molten Mg (T m = 650°C), ρ = 1590 kg m -3 , c =1500 m s -1 (Ramirez et al., 2008) , η = 1.25 mN s m -2 , λ T = 78 W m -1 K -1 , and c p = 1.36 J g -1 K -1 (Brandes, and Brook, 1992) , where for most liquids, c p /c v = 1.0-1.1. Eq. (2) gives α = (2.45-10.89)×10 -6 m -1 for molten Mg with respect to f = 20 kHz. The predicted value of α is too small and contradicts experimental observations. A practical approach has recently been proposed to assess the ultrasonic attenuation in light metals and alloys ). For Mg alloys, the attenuation can be assessed by the variations of the grain density with propagation distance in relation to the ultrasonication intensity applied . Fig. 11 (a) to (c) depicts the variations of the grain density (G ρ ) for AZ31, AJ62 and AZ91 along the principal propagation direction (Direction 1 in Fig. 6 ) with respect to different ultrasonic amplitudes. A detailed analysis revealed that the reduction in G ρ with propagation distance is best described, in an exponential form of
is the grain density at the radiating face in the solidified sample and α is attenuation coefficient. The exponential curves of best fit are shown in Fig. 11 for each condition. Table 3 summarizes the characteristic attenuation coefficients ( α ) for each alloy determined from Fig. 11 . As expected, α exhibited dependence on alloy composition, where a significant decrease in the value of α was observed with increasing solute content from 3%Al to 6%Al but a further increase of the solute content to 9%Al resulted in only a marginal decline. A low attenuation coefficient implies that the molten alloy can be readily ultrasonicated. So, both AJ62 and AZ91 are more ultrasonicatable than AZ31. Consequently, to exploit the structural refining potential of ultrasonic irradiation, it is important to develop low attenuation coefficient alloys. Alloy chemistry plays a critical part in this regard. This also provides a means of controlling the attenuation behaviour in molten Mg alloys. The characteristic attenuation coefficient determined for AZ31 was validated by comparing predictions with experimental observations from ultrasonicating 140 mm diameter ingot samples, and also with Eskin's work Table 3 . Characteristic ultrasonic attenuation coefficients in liquid Mg alloys ).
Attenuation is a concern for the structural refinement on a large scale. Alloy design can effectively mitigate the problem according to the attenuation coefficient results listed in Table 3 .
Mechanism of ultrasonic grain refinement
The influence of ultrasonic irradiation on structural refinement is based on the physical phenomena arising out of high-intensity ultrasound propagation through liquid. Several mechanisms have been proposed and the major ones may be summarised as cavitationinduced dendrite fragmentation, cavitation-enhanced heterogeneous nucleation, and vibration-stimulated separation of wall crystals. The cavitation-induced dendrite fragmentation hypothesis assumes that the shock waves generated from the collapse of bubbles lead to fragmentation of dendrites, which are redistributed through acoustic streaming, thereby increasing the number of crystals (Flemings, 1974) . The cavitation-enhanced heterogeneous nucleation theory is further explained by three different mechanisms. The first is based on the pressure pulse-melting point (T m ) mechanism (Hunt & Jackson, 1966) , where the pressure pulse arising from the collapse of bubbles alters T m according to the Clapeyron equation. An increase in T m is equivalent to increasing the undercooling so that an enhanced nucleation event is expected. It has been estimated that at the collapse point of a gas-filled bubble in water the pressure produced is of the order of between 1000 and 4000 atm (Knapp et al., 1970) . The attenuation of the maximum-pressure intensity is proportional to 1/r, where r is the distance from the collapse centre. At a distance of r/R = 2, where R is the bubble radius, the pressure is estimated to be of the order of 200 to 1000 atm (Knapp et al., 1970) . Using the Clapeyron equation and the typical parameters for magnesium summarised in (Qian, 2006) , we found that the increase in the melting point of magnesium or undercooling by a pressure pulse of one atmosphere is about 0.00647 K. For nickel it is about 0.0027 K (Chalmers, 1964) . For a given pressure pulse of 1000 atmospheres, that is equivalent to introducing an "additional undercooled zone" with ΔT = 6.47 K. This will suffice to trigger nucleation on most substrates present in the undercooled zone. The second is based on cavitation-enhanced wetting (Eskin, 1998) , which assumes that cavities and cracks on the substrate surfaces and insoluble non-metallic inclusions that either pre-exist in the melt or form on cooling during solidification, can be wetted by the melt under the pressure pulse from the collapse of the bubbles. Consequently, this enables these substrates to act as effective nucleation sites (Eskin, 1998) . The third mechanism assumes that rapid adiabatic expansion of gas inside the bubbles created during cavitation undercools the liquid at the bubble-liquid interfaces resulting in nucleation on the bubble surfaces (Hunt J. D. & Jackson, 1966; Jian et al., 2005) . Collapsing of these bubbles will distribute the nuclei into the surrounding liquid producing a significant number of nuclei in the liquid. The wall crystal hypothesis was proposed by Ohno (Ohno, 1987) . It was suggested that vibration refines the microstructure by two means. First, since a molten metal is constantly covered with oxide films, the contact of the molten metal with the mould walls or a cold contact surface can hardly be uniform under usual conditions. Vibration could disrupt the covering oxide films promoting wetting of the mould walls by the molten metal. This enhances the nucleation of the wall crystals on the mould or cold contact surfaces. The second aspect is that vibration promotes the separation of the crystals of a thin necked shape from the mould walls due to the local shaking and/or shearing effects caused by vibration. These two effects combine together to produce a substantial number of crystal nuclei responsible for the refinement. Recent work has clarified that the wall crystal mechanism does not play any appreciable role in the UGR of Mg alloys ). The role of solute was not considered in the mechanisms proposed previously. It is clear from Figs. 8 and 9 that solute plays a decisive role in the UGR of Mg alloys. This generally goes against the perception that solute homogenisation could be enhanced under ultrasonic induced fluid flow reducing the growth restriction effect. Solidification under ultrasonic irradiation is known to be more dynamic compared with solidification under quiescent conditions (Chalmers, 1964 ). An immediate question that follows is: what are the roles that ultrasonic irradiation and solute each play in the structural refinement? A new mechanism is proposed below for ultrasonic grain refinement of Mg alloys. First, high-intensity ultrasonic irradiation plays a key role in producing the first batch of nuclei or crystallites in the effectively irradiated volume near the sonotrode by enhanced nucleation, due to enhanced wetting of the insoluble nucleating particles and/or the pressure effect on melting point. These crystals are then continuously dispersed into other parts of the melt as nuclei or crystallites by the dynamic effects generated by ultrasonic irradiation. In a direct ultrasonication process, the sonotrode was immersed below the melt surface in the middle of the melt. Crystals are thus dispersed from the middle of the melt towards the crucible walls. Without ultrasonic irradiation the chance of creating a large number of initial nuclei and having them dispersed in the bulk melt at the same time are generally very limited. This is because nuclei originating from either the mould wall reaching and then surviving in the bulk superheated melt would have been very small in number. In contrast, high-intensity ultrasonication directly creates nuclei in the irradiated bulk melt. Therefore it fundamentally changes the sequence of solidification compared to conventional ingot solidification. Second, the high-frequency (20,000 Hz) and small amplitude (7.5-30 μm) vibrations in conjunction with the strong cavitation effects help dissipate heat from the effectively irradiated volume so that many of the crystals formed in the melt have a better chance to survive. This differs from the low survival rate of wall crystals in conventional ingot solidification. On the other hand, new crystals are being continuously generated by ultrasonic irradiation to serve as fresh nuclei or growing fronts. Ultrasonic irradiation thus acts as a continuous crystal generator to inoculate the solidifying melt with a large number of initial crystallites. For instance, in the case of AZ91, the number of grains formed under ultrasonic irradiation is in the order of 5788/mm 3 (Table 2) compared to a negligible grain density of 0.24 (~ 2,000 µm grain size) under the same slow cooling conditions.
Once the initial crystallites are generated in an alloy melt by ultrasonic irradiation, growth of each crystal will lead to solute enrichment ahead of each growing front. The attendant constitutional supercooling (ΔT cs ) will further induce nucleation on nearby most potent available nucleants when ΔT cs is greater than the undercooling required for nucleation (ΔT n ) (Qian et al., 2010b) . The concept has been formulated on a rigorous basis to predict grain formation in Al, Mg and Ti alloys solidified under various conditions (Qian et al., 2010b) . 
where a is a constant, D is diffusion coefficient and v is growth velocity. A detailed account has been given of the historical evolution of this linear relationship in the work referenced (Qian et al., 2010b) . Fig. 12 plots the average grain size obtained at 15 mm (Fig. 12a ) and 30 mm (Fig. 12b) below the radiating face for AZ31, AJ62 and AZ91 versus 1/Q with respect to each intensity level applied. An excellent linear relationship was observed. The average grain size versus 1/Q at other depths below the radiating face showed similar linear relationships. It is clear from Fig. 9 that the presence of solute considerably enhances grain density. In fact, only a very low number of crystals in the order of 64/mm 3 (Table 2 ) would survive to produce the final grain structure if no solute were present. This suggests that the development of a constitutionally undercooled region around each initial crystallite may be critical in ensuring the survival of the ultrasonically produced crystallites. This explains the strong dependence of grain size on solute composition shown in Fig. 12 . It should be noted that the formation of a sufficient number of initial crystallites or presence of numerous nucleating particles is essential to the ultrasonic grain-refining process, particularly for commercial alloys in which native nucleants are often poisoned by impurities . For example, without ultrasonication, little effect of solute was observed in the three commercial alloys when solidified under the same slow cooling conditions (Ramirez et al., 2008) , where they all showed a similar coarse grain structure of d ≈ 2,000 μm. This is because there were few active nucleants operating in these alloys to initiate the growth-restriction effect of solute. This was confirmed by the negligible grain density of 0.24 grains/mm 3 (d ≈ 2,000 μm) observed in each solidified alloy ingot (Ramirez et al., 2008) . Accordingly, it supports the idea that ultrasonic irradiation is a nucleation facilitator or crystallite generator. However, the degree of survival of these crystallites is determined by the solute content of the alloy. In a continuous ultrasonic irradiation process, as the effect of solute develops ahead of the growing crystals, new crystallites will be continuously generated and dispersed into other parts of the melt. This development will gradually extend into the entire melt where the growth restriction effect of solute similarly applies. So, once the irradiation intensity is above the cavitation threshold, which means that the irradiation applied is able to generate a sufficient number of initial crystals, the subsequent development of the solidification process will be mainly determined by the growth restriction role of solute. Ultrasonic grain refinement of Mg alloys thus arises from the combined effects of ultrasonic irradiation and solute. Both effects are important to ensure significant refinement. There is little need to pursue extremely high irradiation intensity levels. Instead, it appears to be more important to exploit the effect of solute through alloy design by using an appropriate level of irradiation intensity such as A 2 = 15 2 μm 2 or 22.5 2 μm 2 . Finally, it should be noted that solute affects the physical properties of a liquid alloy including the surface tension and viscosity, which may affect cavitation. Any detailed assessment of such influences will facilitate the selection of solutes for ultrasonic grain refinement. The proposed mechanism explains most observations made from this study. Given the importance of solute under ultrasonic irradiation in ensuring a fine grain structure, the proposed mechanism is expected to apply to ultrasonic irradiation of all alloy systems that are made up of growth restricting elements. Regarding the inference that ultrasonic irradiation showed little influence on solute redistribution even at the irradiation intensity level of 1700 W cm -2 , our proposal is that the dynamic effects from ultrasonic irradiation may only affect the solute boundary layer by a limited amount over a short timescale; they do not largely interfere with the evolution of an appreciable constitutional undercooling zone. This needs to be examined in greater detail in the future.
Summary and conclusions
• Ultrasonic irradiation of magnesium alloys at intensity levels above the melt cavitation threshold leads to significant structural refinement (≥ 2,000 grains/mm 3 or ≤ 100 μm grain size) only in the presence of adequate solute. Without solute, high-intensity (1700 W cm -2 ) ultrasonic irradiation of pure magnesium results in grain densities only in the order of 64 grains/mm 3 while in the presence of 9%Al the grain density increases to 5640 grains/ mm 3 under the same irradiation conditions. Grain refinement of magnesium alloys by ultrasonic irradiation shows strong dependence on solute content.
•
For significant grain refinement to occur by ultrasonic irradiation, the minimum solute required is ~ 6.5%Zn for binary Mg-Zn alloys and ~ 3.5%Al for binary Mg-Al alloys under cooling conditions of 0.76 -0.99 K s -1 . Commercial grade AZ31 is just about all right as it contains 3%Al and 1%Zn.
Increasing solute content at an appropriate irradiation intensity level (i.e. above the cavitation threshold) is more effective for grain refinement than substantially increasing irradiation intensity. The difference in the grain size between two magnesium alloys solidified under ultrasonic irradiation is mainly determined by the solute content rather than the irradiation intensity. In view of these, there is little need to pursue excessive irradiation.
The primary role of ultrasonic irradiation is to produce the initial crystallites by enhanced nucleation in the effectively irradiated melt volume. The role of solute with a high growth-restriction factor is twofold. Firstly, the constitutionally undercooled region developed around each growing initial crystallite protects them from remelting. Growth of these crystals then generates constitutional undercooling sufficient to cause further grain nucleation in regions away from the sonotrode. Ultrasonic grain refinement of Mg alloys arises from the combined effects of solute and irradiation and both effects are important.
• The effect of ultrasonic irradiation on solute redistribution in a solidifying magnesium alloy seems rather limited even at a substantial intensity level such as 1700 W cm -2 . Solute plays a similar role with and without high-intensity ultrasonic irradiation.
• Ultrasonic grain refinement occurs almost exclusively below the radiating face of the sonotrode; little refinement is observed in the solidified ingot adjacent to the immersed cylindrical face of the cold titanium sonotrode, which oscillates perpendicularly to the melt surface at an amplitude of 30 μm and a frequency of 20 kHz. The insertion depth of the sonotrode in the melt has no impact on the resulting ultrasonic refinement. The formation and separation of wall crystals from the titanium sonotrode has negligible influence on the observed refinement.
• Ultrasonic grain refinement is symmetrical to the principal ultrasound propagation direction; the grain size along the principal propagation direction is the smallest at the same distance from the radiating face. The grain size increases with increasing distance from the radiating face in all directions.
• Attenuation of ultrasound intensity in molten Mg alloys can be effectively assessed according to the variations of the grain density with propagation distance. Metallographic analyses reveal that the dependence of grain density on ultrasound propagation distance obeys an exponential law with respect to different amplitudes. The attenuation of ultrasound amplitude with propagation distance can be described by the same exponential law. The characteristic attenuation coefficients in three benchmark molten magnesium alloys, AZ31 (Mg-3Al-1Zn), AJ62 (Mg-6Al-2Sr) and AZ91 (Mg-9Al-1Zn), have been determined. The coefficient is alloy dependent.
• High-intensity ultrasonic irradiation is more potent than carbon inoculation for Mg-Al based alloys; its grain-refining potency is close to that of Zr for Al-free magnesium alloys (Ramirez et al., 2008) .
